Floating fat is a sign of acute bone injury at the knee following trauma. The goal of this article is to review the etiology, patterns, and mimickers of extra-capsular and intra-capsular floating fat, with the major emphasis on knee trauma in the acute setting. We will discuss the spectrum of multimodal imaging findings for rare presentations of extra-capsular floating fat, and contrast these with common and atypical forms of intra-capsular lipohemarthrosis, as an aid to the assessment of acute bone trauma at the knee.
INTRODUCTION
Lipohemarthrosis is defined as the presence of intra-capsular floating fat in a joint cavity. [1] Traumatic knee injury represents the most common cause, and lipohemarthrosis is widely considered pathognomonic for acute fracture. [2] [3] [4] Lipohemarthrosis occurs in 35-41% of knees presenting with intra-articular fracture. [5, 6] Thus, lipohemarthrosis is an important sign, since knee trauma accounts for nearly 532,000 annual visits to the emergency department in the United States. [7, 8] The search for intra-capsular floating fat on knee radiographs following trauma has been taught ever since Holmgren first described lipohemarthrosis on radiographs more than 75 years ago. [6, 9] As intra-articular fractures are occult on radiographs in 15% of knees, the presence of a fat-fluid level is sufficient to prompt additional radiographic views or cross-sectional studies to identify the fracture. [2, 10, 11] Extra-capsular floating fat is rarely encountered, in contrast to lipohemarthrosis. Extra-capsular fat-fluid levels, by definition, are located outside of the knee joint cavity. [12] [13] [14] [15] [16] In this article, we will discuss the spectrum of imaging findings for rare presentations of extra-capsular floating fat and contrast these with common and atypical forms of lipohemarthrosis. Also, rare causes and mimickers of fat-fluid levels at the knee will be reviewed, but the major emphasis will involve discussion of traumatic floating fat since most cases present in the emergency setting following acute injury.
ANATOMY
The knee joint cavity is enveloped by the joint capsule, which has an outer fibrous layer and an inner synovial layer. The articular surfaces of the femur, tibia, and patella are contained within the joint capsule. The suprapatellar bursa is an intra-capsular space which freely communicates with the knee joint cavity, and is often referred to as the suprapatellar pouch or recess after a septum separating the two cavities resolves in the fourth month of fetal development. [17] The suprapatellar pouch is an anterior midline structure which is located deep to the quadriceps tendon. [18] Numerous anterior, posterior, lateral, and medial recesses reside in the intra-capsular joint space of the knee. [19] Several distinct extra-capsular soft tissues are located deep to the crural fascia at the knee, including the collateral ligaments, extensor mechanism, muscles, and deep fat. The skin and subcutaneous fat are superficial to the crural fascia. Numerous extra-capsular bursae are present in the periarticular soft tissues of the knee [ Table 1 ]. Bursae function to reduce friction between osseous, myotendinous, and ligamentous tissues deep to the crural fascia, although some are located superficial to the crural fascia. These synovial spaces are not typically visible on imaging studies, unless distended by fluid. [18] 
ETIOLOGY

Intra-capsular lipohemarthrosis
Intra-capsular fat-fluid levels result from the introduction of fatty tissue into the knee joint cavity. Fat naturally separates from fluid based on physical composition, since hydrophobic fat does not mix with hydrophilic fluid. Intra-articular fracture is the most common mechanism for leakage of fatty bone marrow and blood into the knee joint cavity [ Figure 1a and b]. [2, 20] Traumatic rupture of synovial membranes, capsuloligamentous structures, and intra-capsular fat pads, such as Hoffa's fat pad, are additional rare mechanisms for release of intra-articular fat. [20, 21] Iatrogenic lipohemarthrosis is not an uncommon sign when imaging is performed in the immediate postoperative setting following open reduction internal fixation across an articular surface [ Figure 1c ]. Rarely, cortical destruction from osteomyelitis allows passage of fatty marrow into the knee joint cavity without associated trauma. [15] In this setting, rapid septic necrosis of adipose cells in the marrow cavity releases free fatty globules, which pass through a cortical defect, the cloaca, and present as lipohemarthrosis when floating in joint fluid. [12] 
Extra-capsular floating fat
The location of a fat-fluid level outside of the knee joint cavity differentiates this rare phenomenon from intra-capsular lipohemarthrosis. The release of fatty tissue into a normal anatomic extra-capsular soft tissue synovial space or an acquired post-traumatic soft-tissue wound results in a fat-fluid level when blood or fluid is present in the same space. Synovial spaces include extra-capsular bursa and synovial cysts. The bony medullary space and periosteum are additional rare sites for extra-capsular fat-fluid levels.
The mechanism for release of floating fatty tissue into an extra-capsular bursa in the setting of trauma is most often an adjacent bony fracture transecting the bursal wall, allowing leakage of fatty marrow into the synovial space. This is equivalent to the mechanism described for the presence of floating fat found in tendon sheaths at the wrist and ankle [ Figure 2a and b]. [16, 22] Similarly, the presence of a fat-fluid level in a post-traumatic soft tissue wound cavity also most likely results from the direct leakage of fatty marrow from an adjacent fractured bone.
The presence of a fat-fluid level in an extra-capsular synovial cyst most often results from "escape" of floating fat from an intra-capsular lipohemarthrosis. Baker cysts are the most frequently encountered synovial cysts at the knee. Typically, synovial cysts are formed by a portion of the intra-capsular lining becoming trapped in an extra-capsular position. Increasing intra-articular pressure forces the fluid to escape across the least path of resistance into the extra-capsular synovial cyst, [18] and in the context of lipohemarthrosis, floating fatty marrow is trapped in the synovial cyst [ Figure 2c ].
Rare extra-capsular fat-fluid levels in the soft tissues, or bony periosteum and medullary space, have most often been described as the sequela of osteomyelitis. [12] [13] [14] [15] In this setting, rapid septic necrosis of adipose cells in the marrow cavity releases free fatty globules which float on a fluid layer of pus. [12] 
PATTERNS OF FAT-FLUID INTERACTION
Fat-fluid levels
The typical fat-fluid level is sharply demarcated on imaging, based on the physical properties of fat and fluid. Distinct fat-fluid layers usually are present 3 h after intramedullary fat is introduced into a fluid containing space. [4] Fat is less dense than fluid, and thus forms the top layer and "floats" on the fluid based on gravity. [20] Thus, the visualization of two distinct adjacent liquid layers represents the most basic fat-fluid level, and is often referred to as a "single fluid-fluid level" [ Figure 3a ]. However, the fluid component also has the potential to separate further into serum and red blood cell precipitate layers. In this instance, the serum assumes a non-dependent position relative to the heavier red blood cell precipitate. [4] In this case, three distinct adjacent liquid layers are identified, which is referred to as a "double fluidfluid level" [ Figure 3b and c].
Globular fat-fluid interfaces
The presence of fat globules interspersed in fluid is a less commonly encountered imaging appearance of fat-fluid interaction [ Figure 4 ]. This appearance is similar to globules of fat interspersed in bloody fluid in a syringe following diagnostic aspiration. [23] The presence of fat globules occurs in the first 2 h after intramedullary fat is introduced into the fluid containing space, before giving way to the more typically encountered straight-edge fat-fluid level appearance by the third hour. [4] Fat globules are also uncommonly encountered at the fat-fluid border, producing an undulating appearance along the fat-fluid interface [ Figure 5 ].
IMAGING
Radiographs
Radiographs are the most common imaging test for the initial evaluation of knee pain or trauma, due to the appropriateness, availability, and short acquisition time of the examination. [24] The cross-table lateral view (horizontal-beam technique) is the most sensitive radiographic technique to detect intra-capsular lipohemarthrosis at the knee [ Figure 1a ]. [6] Radiographs distinguish the floating lipid layer from the fluid layer based on density. [25] Conventional anteroposterior and lateral views are less sensitive for detection of lipohemarthrosis, since each lacks the exact horizontal orientation necessary to distinguish floating fat from fluid and the superimposed knee soft tissues. [21] Radiographic detection of a single fluid-fluid level is not entirely pathognomonic of lipohemarthrosis, since separation of hemarthrosis into serum and red blood cell precipitate levels also produces a single fluid-fluid level appearance. [4, 26] A double fluid-fluid level is more specific for lipohemarthrosis [ Figure 3b ]. [4] In contrast to lipohemarthrosis, detection of fat-fluid levels on radiographs is less reliable for extra-capsular floating fat due to the variable locations of these collections and the summation artifact of overlapping bone and soft-tissue density.
Computed tomography
Computed tomography (CT ) is the gold standard for detection of lipohemarthrosis in the setting of acute knee trauma. [27] CT further characterizes fracture patterns found on knee radiographs and localizes radiographically occult fractures in the setting of lipohemarthrosis [ Figure 1b ]. Similar to radiographs, differentiation of layering intra-capsular joint effusion into different cellular components is based on density. Low-attenuation fat floats in a non-dependent position above the fluid layer of hemarthrosis [ Figure 3c ]. [3, 21] Hounsfield units reflect fat and blood densities in the single fluid-fluid level presentation or fat, water, and blood densities in the double fluid-fluid level pattern. The multiplanar capabilities of CT also allow for improved sensitivity for detection and characterization of rare extra-capsular fat-fluid levels, which are most often occult or confusing on radiographic studies.
Magnetic resonance imaging
Magnetic resonance imaging (MRI) rivals CT as the gold standard for detection of lipohemarthrosis. [28] MRI also localizes radiographically occult fractures in the setting of lipohemarthrosis [ Figure 3a ]. Characterization of lipohemarthrosis is dependent on the tissue relaxation times of fat and blood. [4, 25] The non-dependent fluid layer of lipohemarthrosis follows fat signal on all pulse sequences, and a thin zone of chemical shift artifact separates the fat layer from the dependent layer of hemarthrosis [ Figure 5 ]. MRI sequences also allow for detection of distinct serum and red blood cell components of hemarthrosis. Multiplanar MRI detects extra-capsular fat-fluid levels to greater advantage than radiographs, in a similar fashion to CT.
Ultrasound
Ultrasound is an adjunct imaging modality in the setting of acute knee trauma. Ultrasound evaluation of knee trauma is not routine, but is used selectively in the context of point-of-care treatment in the emergency department to screen the suprapatellar pouch of the knee joint cavity when clinical suspicion is high for a radiographically occult fracture. [7, 27] Direct detection of bony injury with ultrasound is poor, but identification of lipohemarthrosis leads to a presumption that an acute intra-articular fracture is present. [27] The sonographic appearance of lipohemarthrosis includes a non-dependent hyperechoic layer, an anechoic middle serum layer, and a dependent hypoechoic red blood cell precipitate layer. [20] In some cases, the anechoic serum layer is absent. [27] Ultrasound is less sensitive compared to CT or MRI for the detection of extra-capsular fat-fluid levels or the presence of lipohemarthrosis in the knee joint cavity in areas other than the suprapatellar pouch. Ultrasound is also operator-dependent, and the patients' physical condition and pain can limit diagnostic sensitivity. [21] TRAUMATIC EXTRA-CAPSULAR FLOATING FAT
Synovial spaces
Baker cysts are present in more than half of adult knees, and are well-known findings on cross-sectional imaging studies. [18] Floating fat in these synovial spaces should not be unexpected 
Post-traumatic soft-tissue wounds
A Morel-Lavallée lesion is the result of a closed degloving injury, and is a non-anatomic soft tissue cavity along the perifascial plane created by the traumatic separation of the hypodermis from the underlying crural fascia by a blunt tangential force. [29, 30] The cavity fills with blood and lymphatic drainage in hours to days after the inciting trauma, and may persist for months to years after the formation of a fibrous pseudocapsule. [30, 31] In the acute setting, fat-fluid levels in a Morel-Lavallée lesion are a rare finding and are most often found in association with an acute fracture [ Figure 9a ]. [16] Fat-fluid levels centered in the subcutaneous fat, at a distance from the perifascial plane and not meeting the definition of a Morel-Lavallée lesion, are also rarely encountered. These fat-fluid collections are found in hours to days following acute blunt trauma, likely in association with an acute fracture [ Figure 9b and c].
DIFFERENTIAL DIAGNOSIS
Intra-capsular lipohemarthrosis
In the setting of hemarthrosis, intra-capsular fatty masses mimic lipohemarthrosis on cross-sectional imaging. Benign intra-capsular fatty masses include lipoma arborescens and lipoma. [4, 16, 32] Lipoma arborescens is an uncommon lipomatous proliferation of the intra-capsular synovium. Malignant intra-capsular liposarcoma is rarely encountered. [33] Intra-capsular lipohemarthrosis is usually differentiated from an intra-articular fatty mass on clinical grounds, [4] and follow-up imaging would show persistence of the intra-articular fatty mass over time in challenging cases.
Extra-capsular floating fat
Benign periarticular soft-tissue masses uncommonly presenting with internal fat-fluid levels include lymphangiomas and dermoid cysts. [12, [34] [35] [36] Malignant liposarcoma with an internal fluid component can mimic a fat-fluid level, although an actual fat-fluid level is rare. [37, 38] The presence of floating fat adjacent to an acute bony fracture and the subsequent resolution over time would distinguish extra-capsular floating fat from these masses.
